Volumetric properties of macromolecules and lowmolecular compounds are necessary auxiliary means for the determination of molar masses from solution-scattering and hydrodynamic techniques. In many cases experimental determinations of partial volumes can or have to be replaced by calculative procedures. A universal approach for the calculation of both low-molecular organic compounds and polymers of different chemical composition and structure in aqueous solution is described. It is based on volume increments for the constituent atoms, ions and/or groups and allows corrections for covolume, ring formation, micellization, ionization etc. Application of this approach is of panicular interest in connection with: (i) nonionic and ionic organic solutes; (ii) inorganic electrolytes; (iii) monomeric and micellar detergents and lipids; (iv) carbohydrates and polysaccharides; (v) nucleobases, nucleosides, nucleotides, polynucleotides, nucleic acids; (vi) amino acids, amino-acid residues, peptides, polyaminoacids, nonconjugated and conjugated proteins; (vii) synthetic polymers. The results of the volume predictions show a high degree of reliability, if compared to experimental data. Special approaches dealing with simple and conjugated proteins and protein--ligand complexes in two-and multicomponent solutions allow the prediction of both isomolal and isopotential volumes under a variety of native and denaturing conditions, including the presence of high amounts of additives.
I. Introduction
Partial specific volumes and other volumetric properties of various compounds are required for the application of many physico-chemical techniques, including solution scattering, such as small-angle X-ray and neutron scattering (SAXS, SANS) or light scattering (LS) and ultracentifugation techniques (cf Eisenberg, 1976 Eisenberg, , 1981 . For example, the determination of molar masses or related quantities (mass per unit length or unit area) of macromolecules and macromolecule-ligand complexes © 1997 International Union of Crystallography Printed in Great Britain -all rights reserved (e.g. biopolymers associated with detergents, lipids, drugs, epitopes, pigments, dyes; enzymes liganded with substrates, coenzymes, products and/or analogues) necessitates knowledge of specific volumes of macromolecules and low-molecular compounds. Moreover, in the case of multicomponent solutions (e.g. in the presence of high concentrations of salts or after unfolding in denaturants) one has to consider significant volume changes of the macromolecules, if compared to twocomponent solutions.
Isomolal and isopotential specific volumes can be determined experimentally, most frequently by density measurements; numerous experimental values have been compiled and reviewed elsewhere (Durchschlag, 1986 (Durchschlag, , 1996 . Since frequently experimental determinations of volumes are not feasible (e.g. owing to scarce amounts of material or caused by handling problems), experiments must be replaced in this case with calculations or reliable approximations. While approaches utilizing van der Waals or crystallographic volumes did not exactly match the situation in solution, calculation schemes based on volume increments for the constituent atoms, ions and/or groups turned out to be more successful. Recently we succeeded in elaborating a universal approach that allows the simple ab initio calculation of partial volumes of small molecules and polymers of quite different chemical composition and structure in aqueous solution (Durchschlag & Zipper, 1994) . In the following, this approach is described and applied to many compounds of biological interest, including both low-molecular and macromolecular compounds. Results are compared to experimental data and other calculation procedures that have been developed by several authors for individual classes of substances. A special concern to be addressed in some detail is the calculation of volumetric properties of simple and complex proteins and protein-ligand complexes in two-and multicomponent solutions, both in the native and denatured states (e.g. in concentrated solutions of salts, sugars or strong denaturants). Of course, the prediction of volumes in multicomponent solutions necessitates use of the consequences of the multicomponent theory of thermo-dynamics, i.e. application of preferential interaction parameters or other reliable assumptions (cf, for example, Lee, Gekko & Timasheff, 1979) .
Theoretical background and general considerations
Detailed definitions and considerations concerning volumetric and densimetric properties as well as interaction parameters have been given elsewhere: Casassa & Eisenberg (1964) , Eisenberg (1976 Eisenberg ( , 1981 , Lee, Gekko & Timasheff (1979) and Durchschlag (1986 Durchschlag ( , 1989 Durchschlag ( , 1996 . Details concerning density increments in the context of scattering investigations can be found in papers by Eisenberg, Zaccai and co-workers (e.g. Eisenberg, 1981 Eisenberg, , 1990 Eisenberg, , 1992 Eisenberg, , 1994 Eisenberg & Wachtel, 1987; Zaccai & Eisenberg, 1991; Bonnetr, Ebel, Zaccai & Eisenberg, 1993; Ebel, 1995) . In the context of molar-mass determinations and contrast-variation studies, it should be mentioned that errors and changes in partial specific volumes are of more importance for SAXS than for SANS studies (cf Jacrot & Zaccai, 1981; Zaccai & Jacrot, 1983; Zaccai, Wachtel & Eisenberg, 1986) .
Calculation of partial volumes

A universal approach for small molecules and polymers
Calculati_ons of partial molar and partial specific volumes, V and b, of organic and biochemical compounds of different nature can be performed according to a simple ab initio approach (Durchschlag & Zipper, 1994) . The procedure follows directions similar to those given by Traube (1899) , but applies a series of appropriate adaptations, corrections and completions of the initial concept. The validity of this comprehensive approach was confirmed by comparing more than 500 calculated and experimental volumes of numerous organic molecules. For the calculation of nonionic organic compounds only about 20 volume increments for atoms, together with a few further special increments/decrements for covolume and ring formation, are required. For ionic organic compounds two additional decrements for ionization and tabulated values for inorganic ions are needed. For the special case of micellar surfactants, a few additional increments considering the effects of micellization tum out to be necessary (Durchschlag & Zipper, 1995) .
The calculation scheme may be used for calculating the volumes of low-molecular-weight and macromolecular organic compounds of nonionic or ionic nature, comprising mono-and polyfunctional molecules, aliphatic and aromatic compounds, homo-and heterocycles of different size etc. The tabulated values for inorganic ions can also be used for calculating the volumes of inorganic electrolytes. The volumes to be calculated are valid for aqueous solutions at 298 K. For volumes at other temperatures a temperature coefficient, Ab/AT, of 5 x 10-~cm 3 g-1 K-t was suggested.
The partial molar volume of an organic compound in dilute aqueous solution can be calculated from the volume increments for atoms and/or atomic groups, assuming additivity and taking into account some corrections:
where ~'c symbolizes the calculated partial molar volume, V i denotes the volume increment for any atom or atomic group, Vcv is the correction due to the socalled covolume originally introduced by Traube (1895) as a molecular dilatation constant, and VRF and VES take into account the decrease of volume caused by ring formation and electrostriction (ionization), respectively. For polymers, the contribution of Vcv and end groups has to be neglected if the volume of the monomeric unit is to be calculated. A selection of partial molar volume increments, V;, for various common atoms in organic and biochemical compounds, and the increments, Vion, for inorganic ions is given in Table l t, together with special increments and decrements, Vj, for covolume, ring formation and electrostriction (Vcv, VRF, VES ). A few atomic volumes, V A, of some elements have also been added, allowing volume calculations of metal-containing biochemical compounds such as metalloproteins.
The partial molar volume, Vc,el , of an inorganic electrolyte may be obtained, if required, as sum of the corresponding values, Vion, for cation and anion, without any further corrections:
The partial molar volume, ~'c,el, of an organic electrolyte, composed of both organic and inorganic moieties, may be calculated from the relation:
where ~'c is the contribution of the organic part of the electrolyte [obtained from (1)], and V*on of the inorganic moiety (taken from the values for Vio n in Table 1 ); the latter one, however, differing for cations and anions:
for inorganic cations • V*o~ = Vion;
for inorganic anions • V*on = Vio n -ZVcv;
where Z is the number of electric charges.
t Tables 1-5 have been deposited with the IUCr (Reference: XS0081).
Copies may be obtained through The Managing Editor, International Union of Crystallography, 5 Abbey Square, Chester CHI 2HU, England.
In the case of surfactants, volume effects occurring as a consequence of micellization have to be considered by special volume increments Vmi ~ (Durchschlag & Zipper, 1995) . This holds for certain ionic and steroid surfactants, whereas no correction was required for most nonionic surfactants. The partial molar volume, ~rc,mic, of micellar ionic and steroid surfactants can be calculated according to:
for ionic surfactants • ~:c,mic --Wc -+-xVmic;
for steroid surfactants • ~'c, mic = ~zc, + Vmic;
where x is the number of carbons in the variable part of certain ionic surfactants (CxTMABr, CxTMAC1, NaCxSO4, NaCxSO3, CxCOONa). For monomeric surfactants these additional corrections are unnecessary. For volume calculations from the increments given in Table 1 , not only the empirical but also the structural formulae of the compounds under analysis must be known. This is a necessary prerequisite, in order to discriminate between different states of bonding, different functional and neighboring groups, and to consider ring formation and ionization. For polymers, the structure of the monomeric unit(s) is sufficient, knowledge of the 3D structure is not required.
Though the partial volume of a solute at infinite dilution consists of contributions due to the size of atoms (intrinsic volume) and volumetric effects caused by solute-solvent interactions (hydration and hydrophobic effects), all kinds of interactions are taken into account by the increments mentioned above. Obviously, the applied volume increments (V i) and corrections (Vcv, VRF, VES, Vmic) present only operational quantities; however, these allow reliable predictions of true volumes (~" and b).
For convenience of calculation, volume increments for atomic groups (building blocks such as methylene group, phosphodiester group, phenyl residue, ribose ring) commonly found in organic and biochemical compounds may be constructed from the values in Table   1 . Both types of increments (i.e. increments for atoms and ions on the one hand, and increments for groups on the other) and also the volumes already calculated for simple compounds may be used and combined for rapid volume calculations of more complex compounds. In this context, however, some pitfalls (e.g. caused by the vicinity of certain groups) have to be considered (cf Durchschlag & Zipper, 1994) . Fig. 1 illustrates the sequence of steps to be performed when calculating ~'c and be of a representative example from the volume increments given in Table 1 or the  calculated volumes of Table 2 .
Special approaches for proteins
Special procedures have been developed for calculating partial specific volumes of different kinds of proteins and under different experimental conditions. Generally calculations are performed for simple, nonconjugated proteins in their native state (protein in water or dilute buffer). There exist, however, special approaches for more complex proteins (conjugated proteins, protein-ligand complexes), unfolded and denatured Fig. 1 . Example for the calculation of the partial specific volume of acetyl-coenzyme A (CoASAc) from the volume increments for atoms and ions given in Table 1; states, and preferential interactions in multicomponent solutions (summarized in Durchschlag, 1986 Durchschlag, , 1996 . The partial specific volume of a native nonconjugated protein (or large peptide) can be calculated according to Cohn & Edsall (1943) from partial specific volume increments for the individual amino-acid residues. Perkins (1986) compared different approaches for proteins and derived a consensus volume set for amino-acid residues, very close to the classical Cohn-Edsall volumes. On the basis of experimental values for amino acids, Zamyatnin (1972 Zamyatnin ( , 1984 suggested different sets of increments, leading to slightly lower bc values for proteins.
Conjugated proteins contain a nonprotein moiety consisting of nucleic acids, carbohydrates, lipids or other types of prosthetic groups in addition to the protein part built up from amino-acid residues. Also in this case, the volume can be composed additively from the volumes of the constituents. On the basis of a comprehensive data collection, average values for the partial specific volumes of the principal components of conjugated proteins (b a =0.54, 0.61, 0.735, and 1.02cm3g -for the nucleic acid, carbohydrate, protein, and lipid moieties, respectively) were derived (Durchschlag, 1988 (Durchschlag, , 1989 . These values may be used in good approximation as default values for estimating be values of native conjugated proteins, provided the protein exhibits a usual amino-acid composition. Of course, the calculation may use the partial specific volumes of all individual components, if the precise composition of the conjugated protein is known. Partial specific volumes of protein-ligand complexes can also be calculated assuming the validity of additivity of volume increments. Generally, preferential interactions are neglected in these calculations.
The isopotential specific volume, ~, of proteins in multicomponent solutions can be calculated from the partial specific volume, ~2, provided the interaction parameter, Cj(j = 1 or 3), the partial specific volume of a small molecule ~j(j = 1 or 3), and the density of the complex solvent, Ps, are known. Interaction parameters for many proteins and conditions are given by Reisler, Haik & Eisenberg (1977) and Arakawa & Timasheff (1982 , 1984 , and those for nucleic acids have been reviewed recently by Eisenberg (1990) .
Special methods have been elaborated for calculating the isopotential specific volume of proteins at vanishing polymer concentration, ~, in diverse multicomponent solutions: proteins in salt, sugar, and amino-acid solutions (Arakawa & Timasheff, 1985; Arakawa, 1986) . The calculation of z/c is facilitated by the fact that the preferential hydration of proteins in these solutions is relatively independent of the additive concentration.
Similar calculation procedures have been developed for proteins denatured in 6 M guanidinium chloride or 8 M urea (Lee & Timasheff, 1974 Laue, Shah, Ridgeway & Pelletier, 1992) . In accordance with experimental results, calculated isopotential specific volumes of nonconjugated proteins in 6M GdmC1 or 8 M urea solutions are slightly smaller (about 2%) than those of proteins in their native state, while the isopotential volumes in concentrated solutions of nondenaturing additives are generally enhanced.
Results and discussion
The vast majority of calculated values presented in Table 2 , which have been obtained from application of calculations using the universal approach, present a compilation of predicted and observed data for partial molar and partial specific volumes of different classes of small molecules and polymers of biological interest, and are within a range of +2%, if compared with the experimental results. This holds for both small molecules and polymers. Larger deviations can be found with compounds consisting of certain, in particular substituted heterocycles (e.g. in the case of a few nucleobases). Generally, however, this is true only for lowmolecular substances, whereas for more complex molecules, the positive and negative deviations from the true volumes cancel out (e.g. in the case of nucleotides). In fact, the values obtained for model nucleic acids (containing equivalent amounts of nucleobases) seem to match the experimentally found volumes of DNA and RNA properly. Only for polymers in nonaqueous (organic) solvents (which are not subject of the used approach) more serious discrepancies have been observed. In some cases the poor accordance may be due to extraordinary solute-solute and solute-solvent interactions or erroneous values for experimental volumes. For simple systems, the experimental accuracy is generally better than + 1% (cfi Durchschlag, 1986 Durchschlag, , 1996 .
A simple but effective procedure for estimating reliable volumes of conjugated proteins (Table 3) provides the well founded basis for many physico-chemical applications dealing with this type of proteins. Surprisingly, the obtained accuracy of predicted volumes is rather high (usually < 4-2%) and comparable to the experimentally achievable accuracy, provided the absence of extraordinary interactions. Table 4 demonstrates the influence of specific and unspecific ligands when bound to proteins. The contribution of specific ligands (such as enzyme substrates) to the partial specific volume of the complex is generally moderate, its extent influenced by the number and mass of ligands compared to the mass of the protein subunit. Only in a few cases, experiments on protein-ligand complexes prove that, as a consequence of complicated interactions between protein and ligand(s), obtained volumes of the complexes are outside the suggested calculations (cf Durchschlag, 1986 Durchschlag, , 1996 . Nevertheless, when striving for accurate mass determinations by SAS (especially SAXS) or analytical ultracentrifugation, the volume changes have to be taken into account. This is more true for the case of proteindetergent or proteirv-lipid complexes where drastic alterations of volumes occur upon ligation. In the case of essentially nondenaturing surfactants, calculations may utilize an additivity procedure, combining the volumes of native proteins and ligands. Table 5 comprises different calculation approaches for proteins in their native and denatured states. Obviously, for native proteins (including addition of nondenaturing amounts of salts), use of the increments given by Cohn & Edsall (1943) or Perkins (1986) delivers reliable results while, as may be inferred from the few examples available, the Zamyatnin (1972 Zamyatnin ( , 1984 procedure seems to fit the situation in the presence of the strong denaturants. In both cases, however, the calculations meet the requirements of proteins in two-or multicomponent solutions adequately.
